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Introduction {#sec1}
============

Additive manufacturing, such as microextrusion-based 3D bioprinting ([@bib16], [@bib23]), has developed into a prevalent technology in tissue engineering ([@bib28], [@bib29]; [@bib25]), regenerative medicine ([@bib13], [@bib28], [@bib29]), and organ-on-a-chip-based precision medicine ([@bib27], [@bib10]). During printing, the extruded fibers are usually shaped after being extruded from the nozzle. Microextrusion of online-shaped fibers, i.e., shaped in the flowing channel, overcomes the post-extrusion deformation and eliminates the dependence on printing supports ([@bib1], [@bib6], [@bib20]). Gelatin is an extensively used biomaterial, shares comparable chemical compositions as collagen ([@bib30], [@bib4]), and is endowed with appropriate biodegradability ([@bib11]) and mechano-regulation properties. It is also engineerable and low cost ([@bib7]) and, therefore, becomes an ideal selection for scaled-up manufacturing of scaffolds for *in vitro* cell growth and implantation.

However, additional cross-linking shall be introduced to strengthen the thermal stability of gelatin at physiological conditions. Photo-cross-linking is effective to generate shaped fibers with enhanced thermostability during micro-extrusion ([@bib20]), but it is potentially harmful to encapsulated cells ([@bib18]) and requires chemical functionalization of native gelatin with reactive chemical groups, e.g., methacrylate ([@bib17]). Chemical cross-linking using glutaraldehyde is fast and effective to improve thermostability ([@bib15]), but the cross-linking agent is cytotoxic ([@bib14]). Transglutaminase (TG)-catalyzed cross-linking is easy to operate, by simply mixing the enzyme with the native gelatin ([@bib9], [@bib24]). Cross-linking proceeds with the inter-chain bonding ([@bib3]) at mild conditions, which almost has no damage to cells. However, it is challenging to shape gelatin via online cross-linking due to the slow reaction dynamics of gelatin and TG ([@bib21]). The incubation is required to be prolonged, for example, to nearly 10 min to accomplish the sol-gel transition. Long incubation of moving fluids in microchannel accumulates the hydraulic resistance ([@bib19]), which often leads to the occurrence of channel clogging.

Another concern that cannot be surpassed in microextrusion is the shear stress in the flow volume, as a natural consequence of viscous fluid flows with a velocity gradient with their neighboring layers and friction with the channel boundaries ([@bib26]). Newtonian fluids flow in microchannels are known to be confined by the channel boundaries, where the fluid layer immediately adjacent to the channel walls is not moving. The fluid in the channel core possesses the maximum velocity within a cross-section. Therefore, from the core to the boundary, a velocity gradient forms, generating local shear stress that correlates linearly with the velocity gradient and the fluid viscosity ([@bib5]). Shear stress, comprising in-plane shear and extensional strain components, can be taken advantage of to accelerate substance mixing ([@bib31]), but it is proven highly detrimental to encapsulated cells when exceeding certain levels ([@bib2]). Therefore, reducing the shear stress levels in moving microfluids by rational design of fluid actuation has been under exploration and remains to be overcome in the academies of both microfluidics and 3D bioprinting ([@bib22]).

To tackle these problems, we designed a fluidic reaction system in a single peristaltic pump comprising multiple pumping channels. It was expected to overcome the hydraulic resistance accumulated when moving in a long tube, as the actuation powers were summed up from multiple or cascade pumping units. But the reduction on each pumping load, as well as the changes in the fluidic shear environment under different conditions, must be verified first. In this study, we compared the performance of single pumping and dual pumping, as a simple presentation of cascade pumping, on generating online-shaped gelatin fibers via the slow transglutaminase reaction. We simulated the flow and pumping conditions and verified the shear reduction by adopting the cascade pumping strategy. Afterward, dual pumping was proven advantageous against single pumping in generating gelatin fibers by avoiding the channel clogging and providing stable and directional gelatin actuation. Cell encapsulation was also a demonstrated success with a range of cell types. The shaped fibers were printed in both substrate-supporting and support-free manners, with the fibers shaped online at 25°C, via the simultaneous occurrence of cross-chain binding and peptide assembly, exhibiting higher tensile strength than fibers gelled at 37°C, via enzymatic cross-chain binding only, or fibers gelled at 25°C in the absence of TG, via peptide assembly only.

Results {#sec2}
=======

Cascade Actuation for Online Synthesis of Gelatin Fibers {#sec2.1}
--------------------------------------------------------

The cascade actuation for online gelatin fiber synthesis is sketched in [Figure 1](#fig1){ref-type="fig"}. The gelatin (6%, w/v) and transglutaminase (TG, 60%, w/v) solutions stored separately in two 50-mL centrifuge tubes were connected to two ports of a plastic T-shape connector via two flexible silicone tubes (inner diameter \[ID\] = 1.6 mm). Gelatin was incubated at 37°C to prevent gelation. A long flexible silicone tube (ID = 1.6 mm) was connected to the third port of the connector and then fitted to a channel inside the pump casing (Transparent methods). The pump withdrew and infused the homogenized solution in a synchronized manner as the fluids were incompressible. The tube was then fitted to another channel in the pump casing, to consecutively withdraw and infuse the fluid. The consecutive pumping effectively overcame the hydraulic resistance accumulated in a long tube, avoided channel clogging by the gelling fluid. The sol-gel transition resulted from the enzymatic reaction on gelatin catalyzed by TG and the peptide assembly on gelatin itself at 25°C. Cascade pumping neutralized or reduced the stress accumulated in each segment rather than passing it down to the next segment, which, therefore, reduced the overall stress accumulation in the entire flow system.Figure 1Sketch of Cascade Pumping for Online Gelatin Fiber Synthesis.The multi-channel peristaltic pump provides consecutive actuation that withdraws and infuses gelatin and TG solutions in the mixing and reaction tube and drives the directional locomotion of shaping gelatin fibers toward the outlet.

The number of cascade pumping unit is unlimited, thus allowing the mixing and reaction tube to be extended as long as demanded. Therefore, it suits slow reactions to occur in moving fluids in a narrow tube. For this study, the TG-catalyzed gelatin cross-linking took over 10 min to accomplish at either 25°C or 37°C, characterized by solid fiber formation at the tube outlet. We adopted the design of two consecutive peristaltic pumpings to provide sufficient actuation to overcome the flow resistance accompanying the fiber shaping in tubes.

A single peristaltic pump comprising 16 channels can, in principle, provide as many as 16 consecutive repeats of fluid withdrawal and infusion, by which means actuation for flow reactions taking over a few hours could be accomplished in a narrow tube. The entire system relies on only one single peristaltic pump. The production can be scaled up by numbering up the pumpings. Apart from these apparent advantages, we also speculated that the strategy of segmented actuation benefits cell encapsulation, by providing an equivalent sum of actuation powers but with significantly reduced shear magnitudes that are proven among the most detrimental factors to encapsulated cells in biomanufacturing.

Significantly Reduced Shear Magnitudes in Cascade Pumping {#sec2.2}
---------------------------------------------------------

Shear stress is an important factor affecting cell viability. We used finite element simulation to investigate the shear magnitudes in single and cascade pumping, which was represented by dual pumping in this study ([Figures 2](#fig2){ref-type="fig"}A and 2B). Throughout the simulation, the tube length was set as 1 m ([Table S1](#mmc1){ref-type="supplementary-material"}). The pumping position was set at 0.1 m for the single pumping, and 0.1, 0.5 m, respectively, for the dual pumping, all in reference to the tube inlet. The length of tube deformation was set constant as 4 cm for both pumpings. The hydraulic pressure along the tube axis was significantly higher in the first half of the tube, approximately from 0 to 0.5 m, for the single pumping than for the dual pumping. The pressure in the single pumping condition reached its maximum value at approaching the pumping location and formed a linear decrease profile to the outlet. On the contrary, the maximum pressure in the dual pumping condition, which was even below half the magnitude as in the former condition, shifted for approximately 0.1 m toward the outlet and formed a linear decrease profile till approaching the secondary pumping, where a similar profile formed as its precedent. The pressures in both conditions remained nearly identical in the second half of the tube, i.e., from 0.5 to 1 m, when the pressures in both conditions dropped linearly from a certain value to 0 ([Figure 2](#fig2){ref-type="fig"}C).Figure 2Flow and Shear Rate Comparison between Single and Dual Pumping(A and B) Sketch of the peristaltic pumping and investigated planes in (A) single pumping and (B) dual pumping.(C) Pressure distribution of the tubular fluid at *y* = r/2 along the tube axis. *r* is the inner radius of the tube.(D) Flow rate distribution at *y* = r/2 along the tube axis.(E and F) Contours of in-plane shear rate of (E) single pumping and (F) dual pumping at the (first) pumping position.(G and H) Contours of extensional strain of (G) single pumping and (H) dual pumping at the (first) pumping position.

As we set the power supply from both conditions to be identical, the load afforded by each pumping unit would be different; the single pumping required a higher power supply that equaled the sum supply from the dual pumping, reflected as a larger degree of tube deformation for the single pumping than for the dual pumping. Therefore, at the pumping position, the peak flow rate of the single pumping was ∼1-fold higher than that of the dual pumping. Apart from the peak values, the flow rates in constant flow in both conditions remained the same and 1--2 orders of magnitude lower than the peak ones ([Figure 2](#fig2){ref-type="fig"}D).

To evaluate the shear environment for cell encapsulation applications, the in-plane and extensional shear strain rates were estimated from the computed velocity fields. Hydrodynamic stresses act in all three dimensions and hence accurate estimation of the shear rate magnitude requires both elongational and shear strain terms to be accounted for ([@bib8]):$$\ \left| \overset{˙}{\gamma} \right| = \left\lbrack {2\left( \frac{\partial u}{\partial x} \right)^{2} + 2\left( \frac{\partial v}{\partial y} \right)^{2} + 2\left( \frac{\partial w}{\partial z} \right)^{2} + \left( {\frac{\partial v}{\partial x} + \frac{\partial u}{\partial y}} \right)^{2} + \left( {\frac{\partial w}{\partial y} + \frac{\partial v}{\partial z}} \right)^{2} + \left( {\frac{\partial u}{\partial z} + \frac{\partial w}{\partial x}} \right)^{2}} \right\rbrack^{1/2}\ $$

This total shear rate was calculated after all nine velocity gradients were obtained. In the fluid pumping condition, because the tube was axisymmetric, the *z* velocity component, *w*, had the same order of magnitude as the *y* velocity component, *v*, and both components were about 2 orders of magnitude smaller than the *x* velocity component, *u*. Therefore, the vector differences between *w* and *v* were ignored, and both employed the value from *v*. In the *xy* plane, there are two shear components, the in-plane shear and the extensional strain, the rates of which were calculated from $\varepsilon = {{\partial\overline{u}}/{\partial y}} + {{\partial\overline{v}}/{\partial x}}$ and $\text{η} = {{\partial\overline{u}}/{\partial x}} + {{\partial\overline{v}}/{\partial y}}$, respectively ([@bib12]).

Both the in-plane shear rate ([Figures 2](#fig2){ref-type="fig"}E and 2F) and the extensional strain rate ([Figures 2](#fig2){ref-type="fig"}G and 2H) in the single pumping condition were much higher than in the dual pumping condition at the proximal of the pumping positions. The maximum values of the in-plane shear and the extensional strain rates were approximately 885 and 14 s^−1^ for the single pumping ([Figures 2](#fig2){ref-type="fig"}E and 2G), 435 and 6.75 s^−1^ at the first pumping position ([Figures 2](#fig2){ref-type="fig"}F and 2H), and 458 and 7.02 s^−1^ ([Figure S1](#mmc1){ref-type="supplementary-material"}) at the second pumping position for the dual pumping condition. Both shear components in the dual pumping were substantially reduced than their counterparts in the single pumping. Therefore, cascade pumping might be concluded to moderate the shear environment and benefit gel fibers shaping in narrow tubes when cells are encapsulated.

To further elucidate the advantages of cascade (*or* dual) pumping for cell encapsulation, the shear rate magnitudes $\left| \gamma^{\ast} \right|$ at the *xy* and *yz* planes of the single and dual pumping were calculated using [Equation (1)](#fd1){ref-type="disp-formula"} ([Figures 3](#fig3){ref-type="fig"}A, 3B, and [S2](#mmc1){ref-type="supplementary-material"}). $\left| \gamma^{\ast} \right|$ reached 1,285 s^−1^ in the *xy* plane for single pumping ([Figure 3](#fig3){ref-type="fig"}A), whereas the magnitudes topped at 624 and 643 s^−1^ for the two consecutive pumping positions ([Figures 3](#fig3){ref-type="fig"}B and [S2](#mmc1){ref-type="supplementary-material"}A) in dual pumping. The latter substantially reduced the shear level by splitting the pumping load into two pumpings. The frequency of shear rates below 100 s^−1^ showed no obvious difference between the single and dual pumping conditions. At higher rates, e.g., above 100 s^−1^ but smaller than 600 s^−1^, the dual pumping condition gained higher frequency than the single pumping, but it topped at near 600 s^−1^; contrarily, the single pumping generated higher shear rates that extended to nearly 1,300 s^−1^. As the higher shear rate magnitude is known to be substantially more detrimental to cells than the lower ones, the lower frequency of shear rates in the medium-high region, i.e., from 100 to 600 s^−1^, is not compensating the harm caused by even higher rates ([Figures 3](#fig3){ref-type="fig"}C and [S2](#mmc1){ref-type="supplementary-material"}B).Figure 3Contours and Shear Rate Frequency Distribution on the *xy* and *yz* Planes(A--C) Contours and shear rate frequency distribution on the *xy* plane with (A) single pumping, (B) dual pumping at its first pumping position, and (C) the frequency distribution of shear magnitudes at the two conditions.(D--F) Contours and shear rate frequency distribution on the *yz* plane with (D) single pumping, (E) dual pumping at its first pumping position, and (F) the frequency distribution of shear magnitudes at the two conditions.

The shear rate magnitudes $\left| \gamma^{\ast} \right|$ at the *yz* plane are shown in [Figures 3](#fig3){ref-type="fig"}D, 3E, and [S2](#mmc1){ref-type="supplementary-material"}C. The maximum shear rate at the *yz* plane for single pumping was 1,204 s^−1^. The rates only reached 597 s^−1^ (at the first pumping position) and 622 s^−1^ (at the second pumping position) for dual pumping. The frequency distribution at the single and dual pumping conditions on the *yz* plane was profoundly different. The single pumping condition dominated the frequency distribution of shear rates higher than 600 s^−1^, whereas the dual pumping condition only comprised shear rates lower than 600 s^−1^ (Figure 3F). There was no obvious difference between the first and second pumping positions ([Figure S2](#mmc1){ref-type="supplementary-material"}D) for the dual pumping.

The shear environment is weakened when using dual pumping to shear the fluid actuation load that would have been afforded by single pumping. We could also derive that cascade pumping consisting of consecutive pumping operations could perform tough tasks, e.g., a longer tube carrying reacting and solidifying fluids, because cascade pumping could provide more power than single pumping when each hard piece applied the same amount of force on the driving fluid ([Figure S3](#mmc1){ref-type="supplementary-material"}). It could also ease a task by splitting the load afforded by a single pumping and, meanwhile, moderate the shear environment for the substances being pumped.

Shear Rate Comparison by Dual Pumping at Different Distances {#sec2.3}
------------------------------------------------------------

To investigate whether the positioning of cascade pumping affects the shear environment, we computed the flow rates and shear magnitudes at the proximal of the pumping positions at different distances. The first pumping position for dual pumping was fixed at 0.1 m; the secondary pumping was fixed at 0.2, 0.3, 0.4, 0.5 m, respectively. The fluid pressure distribution from the inlet to the first pumping and from the secondary pumping to the outlet remained the same ([Figure 4](#fig4){ref-type="fig"}A). The pressure difference was minimized with the increase of the secondary pumping distance. In other words, the pressure at the secondary pumping position was maximum when it was close to the first pumping ([Figure 4](#fig4){ref-type="fig"}A). The peak values and the distribution of flow rates at all the pumping positions and distances were nearly identical ([Figure 4](#fig4){ref-type="fig"}B). The shear rate magnitudes $\left| \gamma^{\ast} \right|$ on the *xy* and *yz* planes were calculated using [Equation (1)](#fd1){ref-type="disp-formula"}. The shear rates on the *xy* plane displayed similar topology, and their maximum values at the secondary pumping position were 670, 658, 648, and 643 s^−1^, when the distances were fixed at 0.2, 0.3, 0.4, 0.5 m, sequentially ([Figures 4](#fig4){ref-type="fig"}C--4F). The maximum shear rates on the *yz* plane at the secondary pumping position were 646, 638, 626, and 622 s^−1^, respectively. Their frequency distributions showed no obvious difference ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B). The shear rate magnitude $\left| \gamma^{\ast} \right|$ at the fixed first pumping position was computed. At all distances of the secondary pumping, the shear environment remained unchanged ([Figure S5](#mmc1){ref-type="supplementary-material"}).Figure 4Shear Rate Comparison of Dual Pumping at Different DistancesThe first pumping position was fixed at 0.1 m; the second pumping position was fixed at 0.2, 0.3, 0.4, 0.5 m, respectively. All distances were referred to the tube inlet.(A) Pressure distribution of the tubular fluid core, i.e., at *y* = r/2, along the tube axis, when pumped at different distances.(B) Flow rate distribution of the fluid core along the tube axis.(C--F) Contours of shear rates $\left| \gamma^{\ast} \right|$ on the *xy* plane at the secondary pumping position of different distances: (C) 0.2, (D) 0.3, (E) 0.4, and (F) 0.5 m.(G--J) Contours of shear rates on the *yz* plane at the secondary pumping position of different distances: (G) 0.2, (H) 0.3, (I) 0.4, and (J) 0.5 m.

Characterization of the Shaped Gelatin Fibers {#sec2.4}
---------------------------------------------

The gelatin/TG solution underwent sol-gel transition in the reaction tube and shaped into fibers. [Figure 5](#fig5){ref-type="fig"}A shows that the viscosity of the gelatin/TG solution (25°C) increased first and then decreased till reaching a plateau with time at constant shear rates. The viscosity decreased with increased shear rates, exhibiting shear-thinning properties. When increasing the gelatin/TG solution to 37°C, the trend was exactly the same, including the appearance of the shear-thinning properties ([Figure 5](#fig5){ref-type="fig"}B). But when shearing the gelatin solution (25°C) at 10 s^−1^, it remained at extremely low viscosity for 9 min ([Figure 5](#fig5){ref-type="fig"}C) and failed to reach a constant level within 1 h constant shearing ([Figure S6](#mmc1){ref-type="supplementary-material"}), owing to the slow dynamics of gelatin gelation via peptide assembly at 25°C. While comparing gelatin/TG solution at 25°C and 37°C at the shear rate of 10 s^−1^, the viscosity of gelatin/TG solution (25°C) was lower than gelatin/TG solution (37°C) ([Figure 5](#fig5){ref-type="fig"}C), which was attributed to the accelerated TG cross-linking reaction at elevated temperatures. It also suggested that flowing gelatin/TG solution at 25°C overcame less hydraulic resistance and experienced less shear than flowing at 37°C.Figure 5Characterization of the Gelatin/TG Mixed Solution and the Shaped Gelatin Fibers(A and B) Time-dependent viscosity of 5% (w/v) gelatin solution, containing the saturated TG solution, at the shear rates of 5, 10, 15 s^−1^ at (A) 25°C and (B) 37°C.(C) Time-dependent viscosity of 5% (w/v) gelatin/TG solutions at 25°C and 30°C and the 5% (w/v) gelatin-only solution at 25°C, sheared at the rate of 10 s^−1^. The measurement started at the time point of mixing gelatin and TG.(D) Spiral patterning of a single gelatin fiber (1 m long).(E) The fibers were immersed in PBS buffer for 24 h.(F) The fibers were written in cross-shapes.(G) The fibers were written in a zigzag pattern.(H) The fibers were immersed in Dulbecco\'s modified Eagle\'s medium (DMEM) for 24 h(I and J) The fibers were patterned in orthogonal orders (I) with the ends anchored on a cylinder and (J) to plastic plates.(K) The fibers were patterned without substrate support. Scale bars in all panels: 1 cm.

The gelatin solution then was cross-linked by the gradual enzymatic reaction in the shaping tubing and formed a fiber before approaching the nozzle and being extruded. The fibers can be arranged in designed patterns by simply "writing" in the supporting media or in substrate-free manners, such as spiral ([Figure 5](#fig5){ref-type="fig"}D), cross-shaped ([Figure 5](#fig5){ref-type="fig"}F), and zigzag ([Figure 5](#fig5){ref-type="fig"}G) patterns in a Petri dish. The fibers and patterns remained highly stable while immersed in PBS ([Figure 5](#fig5){ref-type="fig"}E) or DMEM ([Figure 5](#fig5){ref-type="fig"}H) for 24 h. The diameters of gelatin fiber were measured before and after 24 h in deionized water (DI water), PBS, and DMEM, respectively. Fibers in all conditions became narrowed by 38.46%, 22.83%, and 23.32%, in DI water, PBS, and DMEM, respectively, suggesting that the incubation condition and medium influence the fiber morphology ([Figure S7](#mmc1){ref-type="supplementary-material"}). However, in all conditions, the fibrous shapes and organizations were maintained.

The fibers were also twined on a cylindrical support, with tailorable intervals and retained strains ([Figure 5](#fig5){ref-type="fig"}I), and orderly patterned with retained strains in substrate-free manners, with only the ends being anchored to solid supports ([Figures 5](#fig5){ref-type="fig"}J and 5K, and [Video S1](#mmc2){ref-type="supplementary-material"}).

Video S1. Substrate Free Printing, Related to Figure 5

The online fiber shaping eliminates the dependence of printing slow-cross-linking soft bio-scaffolds on solid supports or granular medium ([@bib20]).

Materials and SEM Characterization of Gelatin/TG Gel {#sec2.5}
----------------------------------------------------

After the three groups of gelatin solutions transformed into hydrogels, it was found that these all showed shear thinning properties while increasing the shear rate from 0.1 to 10 s^−1^ ([Figure 6](#fig6){ref-type="fig"}A). For storage and loss modulus of these three kinds of hydrogel, the cross points of G′ (the storage modulus) and G″ (the loss modulus) were constant while increasing the shear rate from 0.1 to 15 s^−1^ ([Figure 6](#fig6){ref-type="fig"}B).Figure 6Rheology and Morphology (SEM) Characterization of Gelatin Gels under Different Conditions It compares the 5% (w/v) gelatin/TG gelled at 25°C and 37°C, respectively, and the 5% (w/v) gelatin only gelled at 25°C(A) The apparent viscosity of the three gels with increased shear rates.(B) The apparent storage moduli (G′) and loss moduli (G″) of the three gels with increased shear rates.(C) The compressive stress-strain curves of the three gels.(D) The tensile stress-strain curves of the three gels.(E and F) SEM images of a 5% (w/v) gelatin/TG fiber gelled at 25°C and immersed in DMEM medium for 1 week, imaged from the (E) longitudinal and (F) transverse directions. Gel shapes: (A, B, C) molded bulk gels; (D) gel fibers.

The compressive modulus of 5% (w/v) gelatin/TG hydrogel (25°C) reached 160 kPa and nearly 80% strain before failure, whereas the 5% gelatin/TG hydrogel (37°C) failed at 60 kPa and 60% strain ([Figure 6](#fig6){ref-type="fig"}C). The 5% gelatin gel (25°C) showed the lowest compressive modulus (10 kPa) and failure strain (55%). For tensile tests, the strain of gelatin/TG fiber (25°C) reached 1.4 and the tensile module was nearly 50 kPa ([Figure 6](#fig6){ref-type="fig"}D). But on increasing the temperature from 25°C to 37°C, the strain decreased by 35.7% and the tensile modulus decreased by 70%. The 5% gelatin (25°C) fiber exhibited the lowest failure strain and tensile modulus. It was proven that the mechanical properties of 5% gelatin/TG hydrogel (25°C) was significantly improved than the 5% gelatin/TG hydrogel (37°C) and 5% gelatin hydrogel (25°C). It implies that the simultaneous physical cross-linking via peptide assembly and enzymatic cross-linking via cross-peptide covalent bonding formation enhanced the elasticity of gelatin fibers, compared with fibers gelled by either one of the cross-linking mechanisms.

A 5% gelatin/TG (25°C) fiber was immersed in DMEM for 1 week. Microfibers emerged and aligned along the fiber axis, as shown in the SEM images ([Figures 6](#fig6){ref-type="fig"}E and 6F). The pore size was slightly enlarged than the fresh fibers, i.e., non-immersed or incubated in DMEM ([Figures 6](#fig6){ref-type="fig"}F and [S8](#mmc1){ref-type="supplementary-material"}A). The hydration incubation enlarging porosity was further verified by comparing the fresh and 24-h-incubated 5% gelatin/TG gel in PBS ([Figures S8](#mmc1){ref-type="supplementary-material"}A and S8C). For 5% gelatin/TG (37°C) fibers, the pore sizes were significantly larger than the 5% gelatin/TG (25°C) fibers ([Figures S8](#mmc1){ref-type="supplementary-material"}A and S8B). The enhanced elasticity and strength of the 5% gelatin/TG (25°C) might be attributed to the increased density and uniformity of smaller pores.

Cell Encapsulation with High Viability Retention {#sec2.6}
------------------------------------------------

Human umbilical vein endothelial cells (HUVECs), NIH3T3cells, and C2C12 skeletal muscle cells were used to evaluate the cell retention ability of gelatin fibers as anisotropic bio-scaffolds. The cells were first suspended in the gelatin solution at a seeding density of 3.0×10^6^ cells per mL before being loaded in the cartridge. The fiber synthesis followed the procedures as the synthesis of acellular fibers. [Figure 7](#fig7){ref-type="fig"} shows the cells being encapsulated in the fibers at day 1, day 4, and day 7. The live (green) staining shows the high cell viability retention at both post-encapsulation and 1 week in culture. [Figure S9](#mmc1){ref-type="supplementary-material"} shows the live cells are dominant over the dead cells in counts. The results indicated that enzymatic cross-linking, together with the peptide assembly, endowed gelatin the thermal and structural stability and the supreme elasticity and cytocompatibility.Figure 7Cell Encapsulation with High Viability RetentionCultured gelatin/TG fibers with C2C12, NIH3T3, HUVEC cells for 1 day, 4 days, and 1 week formed at 25°C under dual pumping. Cells were stained with Calcein AM and PI, indicating the live and dead cells. The dead cells were rare and invisible (also shown in [Figure S9](#mmc1){ref-type="supplementary-material"}). Scale bars in all panels: 200 μm.

Discussion {#sec3}
==========

In this work, we present an online gel fiber shaping system specialized for slow cross-linking reaction rendered gelation. The production is not limited to gelatin. The multi-phase fluid flow is modulated by a single peristaltic pump comprising multi-channels. Our simulation study verifies that cascade pumping is efficient to moderate the environment in fluid volumes moving in confined narrow channels; experimental studies prove that cascade pumping overcomes the channel clogging issue resulting from the accumulation of hydrodynamic resistance, which is often seen in the long flow of viscous fluids or gelling fluids in biomanufacturing. One additional pumping unit reduces the maximum shear rate by over 1-fold as in the single pumping module, without sacrificing the online fiber production efficiency or increasing the setup complexity, as both single and cascade pumping are performed in a single peristaltic pump. The system overcomes the increased hydraulic resistance accompanying the prolonged incubation to compromise slow cross-linking reactions and avoids channel clogging. Eventually, it is proven that cells can be encapsulated in gelatin fibers with high viability retention. Moreover, the production modules could be numbered up, thus scaling up the production. For example, in a pump comprising 16 channels, 8 production modules can run in parallel. The online fiber shaping eliminates the dependence on solid substrates or granular medium to assist fiber shaping and stabilize fibrous patterns after extrusion. It broadens the application of 3D bioprinting, particularly, extending the microextrusion-based tissue engineering to *in situ* printing, where the recipient volume is mostly irregular and sometimes requires contactless assembly or residual strain after printing.

We did observe that, under single pumping, the flow was clogged, which was among the motivations for this innovation. After clogging, we managed to manually extrude the cell-laden fibers shaped in tubes and found that cells were recovered with lower viability and the fibers failed to retain their shapes ([Figure S10](#mmc1){ref-type="supplementary-material"}).

Notably, the enzymatic cross-linking conducted at room temperature (e.g., 25°C) generates stronger gelatin fibers exhibiting larger failure stress and strain than fibers cross-linked at 37°C. At 25°C, the gelatin gelation proceeds via the peptide assembly modulated by thermal energy and the inter-peptide cross-linking induced by enzyme-catalyzed covalent bonds formation. The dual-cross-linking mechanism is proven advantageous against the sole cross-linking contributed by TG.

Consequently, the shear stress-reduced fiber shaping system as we designed can be widely used to print an extensive range of materials and cells. It increases the printing efficiency, reduces the chances of cell damage, and, meanwhile, is easily adaptable to other hardware modules, such as the locomotors as widely used in 3D bioprinting. Compared with the existing printing methods, the cascade pumping strategy shows advantages over the microextrusion printing and inkjet printing, in shear rate reduction, cell viability maintenance, compatibility with substrate-free printing, and reduced cost on the printer setup. Although the printing resolution is not as comparable with the laser-assisted printing, its cost is significantly lower and allows printing materials lack of light sensitivity ([Table 1](#tbl1){ref-type="table"}). The cascade pumping can be easily scaled up numbering up the printing channels. It, therefore, offers another paradigm for cell and tissue printing and promises to contribute to the development of precision and regenerative medicine.Table 1Comparison of *Cascade Pumping* and the Existing Printing TechniquesTypeCascade Pumping PrintingMicroextrusion PrintingLaser-Assisted PrintingInkjet PrintingShear rate reduction+++++++++Cell viability+++++++++++Substrate-free printing++++++++Printing resolution++++++Printing cost+++++++[^3]

Limitations of the Study {#sec3.1}
------------------------

Of course, there are limitations in the current system. First, it is difficult to precisely quantify the dual-phase mixing in the shaping tube. The volume ratio of fluids can be coarsely tailored to be withdrawn and infused into the mixing tube, by adjusting the hydrodynamic resistances of individual fluids. It can be done by choosing the sizes and lengths of the conducting tubes. However, this method is insufficient for precision fluid manipulation, especially when the fluids are distinctively different in viscosity. For example, gelatin is much more viscous than the TG solution, and its viscosity changes with temperature. It could be solved by using the combination of microfluidics pumps that infuse gelatin and TG solutions at precisely defined flow rates.

Second, it remains a challenge to produce fine fibers, e.g., smaller than 100 μm in diameter, as the hydraulic resistance increases following the power law of four with the decrease in the channel diameter. Third, peristaltic pump only works on tubes that are pliable to compression forces. But these materials are not guaranteed chemo-resistant and thermostable as polytetrafluoroethylene (PTFE) tubes. But PTFE tubes are not as pliable to external forces. A good material satisfying the pumping requirement but meanwhile possessing the thermal and chemical stability is highly demanded.

Despite the limitations, we believe this system has translational promises in the production of slow-reaction-rendered gel fibers for online (*or in situ*) and substrate-free tissue printing, especially for scale-up manufacturing of artificial organs.

Resource Availability {#sec3.2}
---------------------

### Lead Contact {#sec3.2.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Prof. Shaohua Ma (<ma.shaohua@sz.tsinghua.edu.cn>).

### Materials Availability {#sec3.2.2}

This study did not generate new unique reagents.

### Data and Code Availability {#sec3.2.3}

The simulation data that supports the findings of this study is available from the corresponding author upon reasonable request.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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